The presence of strain distributions within semiconductor features influences many aspects of their behavior. For example, microelectronic technology that incorporates strained silicon improves device performance by increasing carrier mobility in the Si channels. Because current semiconductor fabrication contains multiple levels of metallic and dielectric structures, an understanding of the mechanical response of the constituent elements is critical to the prediction of the overall device performance. In addition, the interaction of strain fields between adjacent structures becomes greater as feature sizes decrease and the corresponding feature density increases. The use of synchrotron-based X-ray methods allows one to determine the interaction between strained features and their environment at a submicron resolution. Real-space mapping of strain distributions in pseudomorphically strained, raised SiGe structures revealed that elastic relaxation extends approximately 20 times the feature thickness from its edges. X-ray topographic methods were also applied to map the substrate deformation induced by overlying SiGe features. A formulation based on the classical Ewald-von Laue theory of dynamical diffraction was derived to match the measured diffraction profiles.
INTRODUCTION
With the demand for increased density and speed of ULSI technology, novel materials and device geometries have been employed to meet the need of extending the performance of conventional silicon-based microelectronics. For example, carrier mobility can be increased by the application of strain within the inversion channel responsible for transport within the devices. The link between resistivity and stress in semiconductors was explored by Smith [1] :
(∆ρ/ρ) ij = π ijkl σ kl (1) where the dimensionless change in resistivity, ∆ρ/ρ, and stress, σ, are represented by second rank tensors. The fourth rank piezoresistive tensor, π, can be represented by three independent components for Si and Ge crystals, which possess cubic symmetry. The value of the components depends on the doping of the semiconductor such that the state of strain will produce different effects in n-type versus p-type Si. In effect, the degeneracy present in the electronic band structure is broken due to the deformation in the Si, resulting in band splitting and lower effective mass of the carriers.
In order to produce enhancement of the carrier mobility, or reduction in resistivity, CMOS devices can be manufactured using strained layers adjacent to the current-conducting paths of the Si. The deposition of Si onto relaxed SiGe layers, which possess a larger lattice parameter, induces an isotropic, biaxial tensile strain, which improves electron mobility in NFET devices [2] . A corresponding increase in hole mobility, required for PFET devices, can be produced through the use of compressively stressed Si. Because of the tensorial nature of the piezoresistance, multiple components of strain can be tailored to optimize mobility. The use of eigenstrained regions in the plane of the Si channel can be used to compressively strain the channel region [3] . Although the true stress profile is anisotropic, biaxial because of the zero strain along the width of the device (plane strain condition), this stress is often described as "uniaxial," in contrast to the isotropic biaxial state for the NFET devices.
However, variation in piezoresistive coefficients and anisotropy of the mobility in semiconductor materials leads to uncertainty in the actual response of CMOS structures to applied strain. For example, the piezoresistive tensor has been found to possess different values to bulk silicon in the device inversion layer [4] . Full field calculations of the band structures are required to properly model the response of the semiconductor under strain. Therefore, a knowledge of the true state of strain in the device and its environment is critical to assessing its performance.
THEORY
The mechanical response of a strained thin film feature, possessing an eigenstrain, ∆ε, deposited on a Si substrate will possess an interaction region near the edges of the strained film feature. The introduction of free edges in the strained film, either through lithography or by design, will relax the strain in the structures. The extent of strain field produced within the Si substrate must be determined. The many materials and processing steps involved with actual devices create both complex loading configurations and geometries. The use of pseudomorphically strained SiGe layers on Si represents a model system in the determination of elastic relaxation and strain. Because both materials are crystalline, their strain can be detected by X-ray diffraction. Also, the epitaxial nature of the interface represents a perfectly bonded interface between the SiGe and Si.
Because the SiGe films are homogeneous, single-crystal materials, there is a one-to-one correspondence of the strain and stress tensors. Using a Vegard's law approximation of the Si and Ge elastic compliance tensor values, we can calculate the in-plane normal stresses perpendicular to the feature width (σ 11 ) from the out-of-plane strain. We assume that the out-ofplane stress (σ 33 ) is zero and a plane strain condition exists in the x 2 direction (ε 22 = 0). Let us represent the in-plane normal stress as a fraction of the isotropic biaxial stress, σ 0 :
where f is a dimensionless parameter that spans the range of 0 to 1, corresponding to the uniaxial and biaxial strain cases, respectively. Then the constitutive relation for the SiGe film can be used to relate the out-of-plane strain to the in-plane stress. Let us assume that the SiGe film is deposited on Si (001). The matrix representation of the constitutive equation can be simplified to the following form: (3) where ijkl S′ refers the thin film compliance tensor in the sample coordinate system. Let us further assume that the features are oriented parallel to <110>, reducing the number of independent compliance tensor components (S' 1133 = S' 2233 , S' 1111 = S' 2222 ). By substituting Equation (2) into Equation (3), we arrive at the following relation: , respectively. Equation (4) also demonstrates that the out-of-plane strain ε 33 varies linearly with the prescribed value of f and hence the normal stress σ 11 . For <110> oriented features, S' 1111 = S' 2222 = S . The values of the single crystal compliance can be found in Brantley [5] .
EXPERIMENTAL
Heteroepitaxial Si 0.86 Ge 0.14 films of 0.24 µm thickness were deposited using UHV/CVD techniques [6] on bulk Si (001) substrates. Features were etched into the SiGe layer of 100 µm in length with widths from 1 µm to 20 µm. Examination of the features indicated that no dislocations were present, confirming the pseudomorphic strain in the SiGe. X-ray diffraction was conducted using the APS 2ID-D microbeam apparatus, with a nominal beam FWHM of 0.3 µm [7] . A beam energy of 11.2 keV was chosen so that Ge Kα fluorescence was simultaneously collected along with SiGe (008) diffraction data. 100 µm wide receiving slits were used in front of the scintillation detector.
To determine the extent of deformation in the underlying substrate, Si reflection topography was performed using the Brookhaven National Synchrotron Light Source X20A. Samples possessing structures etched from 90 nm thick Si 0.8 Ge 0.2 films were examined. Lead glass capillary optics were used to focus the beam to approximately 8 µm FWHM [8] . Si (008) diffraction was mapped across the SiGe step edge by collecting the intensity using open detector slits.
RESULTS
The strain mapping of the SiGe features was performed by collecting θ/2θ scans and translating the sample using 0.5 µm increments across the features. the measured values can be substituted into Equation (4) 
MODELING
A survey of analytical mechanical models was conducted to compare to the experimentally measured values of elastic relaxation in the SiGe features. Several models exist in the description of strained thin film features on Si substrates. All models assume elastic isotropy and perfect bonding between the SiGe film feature and the underlying Si substrate. Variation in models arises from assumptions related to the boundary conditions. Two types of models are generally observed: those based on semi-infinite half space substrates and those based on shear lag composite bending.
The distributed force model assumes the elastic relaxation in the film due to the presence of a free edge is accommodated by deformation in the underlying substrate. Developed by Hu [9] , a distribution of edge forces act on the surface of a linear elastic, half space. Because compatibility must be maintained at the film/substrate interface, a self-consistent expression is generated for the in-plane normal stress in the film perpendicular to the edge: 
where E s , ν s , E f , ν f are the Young's moduli and Poisson's ratios of the substrate and film, respectively, and h is the film thickness. This approach has also been extended to study film features of finite width [10] .
The shear lag model, first considered by Volkertsen [11] and Goland and Reisnner [12] , accommodates the eigenstrain in the film by inducing bending within the strained film and substrate couple. Shear stress at the film/substrate interface is generated by the elastic relaxation of the film feature and substrate, which are assumed to possess the same width, at their free edges. According to model developed by Chen and Nelson [13] , an interfacial layer, with shear modulus G 0 and thickness t 0 , is assumed between the film and substrate over which the shear stress is transmitted. The shear stress, τ(x 1 ) is considered to be independent of x 3 and proportional to the difference in horizontal displacement between the film, u f (x 1 ) and substrate, u s (x 1 ):
A similar expression is generated between the peel stress and the difference in vertical displacements between the film and substrate. The lap shear approach, a variant based on Suhir [14] , has a similar form to the shear lag model but assumes that the transfer of strain between the thin film and substrate, is solely based on the elastic properties and thicknesses of the two constituent materials and not the strength of the interface. In both forms, a sixth order ordinary differential equation is implemented to solve for the stress distributions.
The predicted stress distributions for the shear lag and distributed-force models are superimposed onto the experimentally determined normal stress distribution for the 5 µm wide SiGe feature in Figure 3 . The normalized film stress values, σ 11 (x 1 )/ σ 0 , are plotted for the 5 µm wide feature along with the predicted stress distributions according to the shear lag and distributed force models. For features of this width and below, the shear lag model predicts a greater degree of elastic relaxation near the feature edges.
DISCUSSION
The reason for the discrepancy between the data and the models can be attributed to the underlying assumptions of both models. In the case of the distributed-force model, developed for the case of a semi-infinite film on a half-space substrate, the normal stress in the film decays to zero at the feature edge. The substrate normal stress underneath the feature edge increases to compensate for the lattice mismatch. However, as the feature width decreases, the substrate normal stress under the feature is predicted to increase, representing an inconsistency. As the feature width approaches zero and the normal stress in the film decreases to zero, the normal stress in the substrate approaches the limiting value of -Kσ 0 under the feature. In the actual case, both the substrate and stress distributions must decay to zero for an infinitely narrow feature. Because the thin film feature must induce deformation in the substrate so that the free edges can relax to zero stress, the actual film stress is lower than that predicted in the distributed force approach. In addition, for feature widths larger than 20 times the film thickness, the influence of the edges on the substrate is felt sooner in the distributedforce model than in the shear lag model. Therefore, rate of change in the predicted elastic relaxation is smaller for the distributed-force model than that for the shear lag model. However, the predicted values from the shear lag approach overestimate the extent of elastic relaxation. The assumptions associated with the treatment of the thin film/substrate geometry in the shear lag model also explain this behavior. Because the feature and substrate widths are considered to be equal, the rigidity imposed by the actual substrate geometry on either side of the feature serves to limit the amount of elastic relaxation that the feature experiences. , of the stress distributions in the features were also included. The FEM results are closer to the data than those of the distributed-force model because the FEM calculations allow relaxation in the out-of-plane direction (x 3 ), whereas the distributed-force solution is independent of x 3 . However, the best fit to the data arises from the shear lag model. The lap shear formulation clearly overestimates the extent of elastic relaxation in the film. For typical semiconductor thin-film and substrate thicknesses (~ 1 µm and ~ 600 µm, respectively), the lap shear model has been shown to produce inaccurate film stress distributions [16] . Although the interfacial compliance, G 0 /t 0 , represents a fitting factor for the absolute value of elastic relaxation, the rate of change in the elastic relaxation follows the shear lag model more closely over the range of feature widths. 
X-RAY TOPOGRAPHY
X-ray topographic methods have been used to characterize defectivity and deformation within single crystals for almost 50 years [17] . However, efforts to quantify strain distributions in Si substrate due to overlying strained film features using Laue or transmission X-ray topography have not yielded accurate results to within 65 µm from the feature edges [18] . These results often assume that the vertical substrate deformation is neglible [19] and use the Tagaki-Taupin equations [20] to model dynamic diffraction effects in a deformed single crystal.
A solution using the classical Ewald-von Laue theory, which better captures the effects of large gradients in the substrate lattice parameter than the Tagaki-Taupin formulation, was implemented to calculate Si diffraction in reflection or Bragg geometry due to overlying strained film features. A lamellar approximation to the substrate lattice parameter that varies with depth was used [21] . A model case was investigated, in which a pseudomorphically strained, 90 nm thick Si 0.8 Ge 0.2 film was deposited on a Si (001) substrate and etched to create 2500 µm wide features with 500 µm spacing. The strain profile was assumed to be that governed by the edgeforce model [22] for an elastic, semi-infinite Si substrate, half of which is covered by a strained Si 0.8 Ge 0.2 film. Figure 5 depicts the integrated Si (008) diffracted intensity as a function of spatial location with respect to the feature edge. The normalized increase in diffracted intensity at a given position, x, is calculated by ∆I = (I(x)-I 0 )/I 0 , where the reference intensity, I 0 , was measured from the bare Si substrate 200 µm away from the feature edge (x = -200 µm). As observed in Figure 5 , the deformation caused by the feature edge can be detected over 200 µm from the feature edge using X-ray topography. The profile consists of two distinct intensity maxima bracketing the film edge. The stronger peak (∆I ~1.3) is located approximately 10 µm outside the film edge, with the weaker peak, ∆I ~1, located about 10 µm inside the feature. The cusp in intensity (∆I ~0.9), observed between the two peaks corresponds to the SiGe edge. The enhanced intensity, which is asymmetric with respect to the feature edge position, exhibits a logarithmic dependence as a function of distance (x) beyond approximately 40 µm. The decay rate of the enhanced intensity underneath the feature, 170 +/-3 µm per decade, is over twice that outside of the feature (71 +/-2 µm per decade) [21] .
A comparison of the predicted an actual diffracted intensity indicates that many of the features of the profile are preserved (two local maxima and cusp in intensity at the film edge). Although the assumed strain distribution is antisymmetric, which would produce symmetric enhanced intensity under kinematic approximations, the asymmetric nature of the diffraction profile confirms that dynamic processes govern the measured diffracted intensity. In fact, a correlation of the strain distribution cannot be made to the extrema in the diffracted intensity without a fullfield solution of the dynamical diffraction effects.
SUMMARY
The need to assess strain distributions within semiconductor devices requires more sophisticated measurements and modeling capabilities. The effects of free edges within strained film features have been mapped using X-ray microbeam techniques, revealing that elastic relaxation extends approximately 20 times the film thickness from the feature edges. In addition, the detection of substrate deformation using X-ray Bragg topography is sensitive to deformation of up to 200 µm from overlying strained feature edges. However, dynamic diffraction modeling involving the classical Ewald-von Laue treatment is required to properly describe the single crystal diffraction profiles.
